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Multi-wavelength emission from 
a single InGaN/GaN nanorod 
analyzed by cathodoluminescence 
hyperspectral imaging
Gunnar Kusch  1, Michele Conroy2,3,4, Haoning Li2,3, Paul R. Edwards  1, Chao Zhao5,  
Boon S. Ooi  5, Jon Pugh6, Martin J. Cryan6, Peter J. Parbrook2,3 & Robert W. Martin  1
Multiple luminescence peaks emitted by a single InGaN/GaN quantum-well(QW) nanorod, extending 
from the blue to the red, were analysed by a combination of electron microscope based imaging 
techniques. Utilizing the capability of cathodoluminescence hyperspectral imaging it was possible to 
investigate spatial variations in the luminescence properties on a nanoscale. The high optical quality 
of a single GaN nanorod was demonstrated, evidenced by a narrow band-edge peak and the absence 
of any luminescence associated with the yellow defect band. Additionally two spatially confined broad 
luminescence bands were observed, consisting of multiple peaks ranging from 395 nm to 480 nm and 
490 nm to 650 nm. The lower energy band originates from broad c-plane QWs located at the apex of the 
nanorod and the higher energy band from the semipolar QWs on the pyramidal nanorod tip. Comparing 
the experimentally observed peak positions with peak positions obtained from plane wave modelling 
and 3D finite difference time domain(FDTD) modelling shows modulation of the nanorod luminescence 
by cavity modes. By studying the influence of these modes we demonstrate that this can be exploited 
as an additional parameter in engineering the emission profile of LEDs.
High quality InGaN/GaN LEDs are key to future lighting technologies, promising considerable reduction in 
worldwide power consumption. Nanorod LED arrays offer additional advantages over the commonly used planar 
LED structures. Firstly, nanorods offer a reduced density of threading dislocations, which can act as non-radiative 
recombination centers1–3, and thus achieve a higher internal quantum efficiency when compared to planar LEDs. 
Secondly, wurtzite nanorod structures grown in the c-direction offer easy access to semipolar and nonpolar facets 
on the pyramidal top of the nanorod or the sidewalls respectively. These facets offer strongly reduced electric 
fields, which are well known to cause the quantum confined Stark effect (QCSE), and reduce the recombination 
rate in c-plane planar LEDs4. Thirdly, nanorod structures can offer an increased active zone area compared to 
planar LEDs thereby increasing the output power per area.
Fourthly, nanorod structures can act as cavities in which optical modes form5–7. A number of publications 
have investigated these optical modes within different nanorod structures, including state of the art core-shell 
InxGa1−xN nanorods, utilizing plane-wave approximations as well as advanced modelling tools such as finite 
dimension and time domain (FDTD) modelling5,8,9. Their findings show that strong coupling exists between light 
emitted from m-plane nonpolar QWs and the optical modes and that the resonant wavelengths can be tuned by 
the nanorod diameter.
This paper presents our investigation of light emitted from spatially separated active regions, with different 
polarities (c-plane and semipolar), of a single InxGa1−xN/GaN nanorod from an ultra-dense nanorod array (space 
filling factor >96%), using cathodoluminescence (CL) hyperspectral imaging. Furthermore, it presents a detailed 
study of optical modes in the nanorod, utilizing plane-wave and finite dimension and time (FDTD) modelling, 
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providing evidence for the light of the different active regions coupling into, and being modulated by, the same 
cavity mode.
Results and Discussion
CL and scanning transmission electron microscopy (STEM) investigation of the ultra dense array revealed that 
the growth conditions resulted in two different, spatially separated active zones showing emission from 395 to 
480 nm from the semipolar sidewalls and between 490 and 650 nm from c-plane QWs in the apex of the nano-
rods10. To investigate the optical properties of single nanorods and further characterize the behaviour of the dif-
ferent active zones, a number of nanorods were detached from the array and deposited on a copper grid, similar 
to previous work of our group11. The results of the secondary electron (SE) and CL hyperspectral imaging of a 
single rod are shown in Fig. 1.
The structure of the nanorod can be clearly seen in the SE image. It consists of a base with {1010} (m-plane) 
sidewalls and a pyramidal top with semipolar {1011} facets. The CL intensity map in Fig. 1b shows a reduction in 
the luminescence intensity at the point where the top (pyramid) and bottom (prism) of the nanorod meet. The 
intensity variations at the pyramidal top of the nanorod are largely due to re-absorption effects and the geometry 
of the measurement setup. Extracting the spectral information along the line shown in Fig. 1b generates a spectral 
line scan along the length of the nanorod. The spectral line scan is shown in Fig. 1d and three distinct regions with 
different optical properties can be identified.
The first region (Fig. 1c prism(1)) is in the base of the nanorod, where only the GaN near band edge (NBE) 
signal can be detected, showing that no InxGa1−xN growth occurred on the m-plane sidewalls during the depo-
sition of the InGaN/GaN active zone. This is expected given the ultradense nature of the array10 from which the 
individual rod was extracted and in contrast to nanorods with a wider spacing where InxGa1−xN growth could 
be found on the m-plane12,13. The small FWHM (113 meV at 300 K) of the GaN NBE peak and the absence of any 
yellow luminescence on the m-plane sidewalls indicate that damage introduced during the etching process was 
successfully healed during the regrowth and the material is of high optical quality14–17. The GaN NBE emission 
intensity shows some variation over the nanorod, with a slight increase in emission intensity at the ridges where 
two m-plane facets meet (see Fig. 2a). This is most likely caused by the extinction of a-plane facets during the 
regrowth13,18.
In addition to the GaN NBE emission near 370 nm, region 2 features a broad luminescence band (395–
480 nm) consisting of a main peak with an emission wavelength of 426 nm and two satellite peaks on the high 
and low energy side of the main peak, with emission wavelengths of 409 nm and 446 nm respectively (Fig. 1c 
Figure 1. SE image (saturated due to the current needed for CL) of the nanorod (a), panchromatic CL intensity 
(b) and spectra (c) from selected spots on the nanorod as well as line spectra (d), taken along the line shown on 
the panchromatic image.
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pyramid(2)). The three peaks are separated by an energy of approximately 150 meV. Applying a digital bandpass 
to the hyperspectral image to only show the luminescence intensity between 395 nm and 480 nm (Fig. 2b) it is 
possible to see that the luminescence of this region is emitted from the pyramidal top of the nanorod. We attribute 
the luminescence in this range to the semipolar QWs. As the growth conditions for the active zone were not var-
ied throughout the growth process, only minimal variations are expected in each subsequent quantum well, thus 
the origin of the satellite peaks is believed to be due to optical modes such as Fabry-Perot or whispering gallery 
modes (WGM).
In the transition from the second region to the third region the luminescence that was associated with the 
semipolar QWs exhibits a redshift (see Fig. 1c), with two peaks emitting at 446 nm and 477 nm. The redshift is 
most likely induced by a thickness as well as InN content variation at the points at which the semipolar QWs meet 
the c-plane QWs10 as observed by Boulbar et al.12.
The third optical region exhibits a broad luminescence band consisting of multiple peaks from 490 nm to 
650 nm covering the visible spectral range from green to red (Fig. 1d apex(3)). Applying a digital bandpass filter 
to the CL data to only show the luminescence intensity in this spectral range it is possible to see that this region is 
spatially confined to the tip of the nanorod, starting 150 nm below the apex as shown in Fig. 2c.
STEM imaging, shown in Fig. 3, performed on a nanorod from the same array, reveals that five c-plane QWs 
have been grown at the tip of the nanorod. The growth of the c-plane QWs is caused by the presence of a residual 
c-plane facet on the top of the nanorod before the growth of the InGaN/GaN active zone. Emission wavelengths 
Figure 2. Intensity plots of the emission GaN NBE emission (a), the semipolar QW emission between 395 nm 
and 480 nm (b), and the emission observed from the apex of the nanorod from 490 nm to 650 nm (c). The 
scalebar is 1 μm in each case.
Figure 3. STEM image of the tip of a nanorod from the same array. Five c-plane QWs, with increasing 
thickness towards the apex, can be observed. Additionally, a decrease in QW thickness can be observed towards 
the pyramid edges.
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down to 650 nm have already been reported by Ko et al.19, who utilised a double heterostructure approach on 
nanopyramids, achieving a InN concentration of more than 40%. As discussed by Conroy et al.10 the InN concen-
tration in the characterised c-plane QWs does not reach high enough values to account for the observed emission 
spectra. Instead the increase of the QW thickness to 22 nm (as seen in Fig. 3) is seen as the reason for the high 
wavelength emission as discussed by Liao et al.20 who attribute this red shift to a reduced quantum confinement 
and a stronger quantum confined Stark effect. The increase in QW thickness could explain the multiple lumines-
cence peaks originating from the tip of the nanorod, each peak originating from a QW with different thickness 
(from 513 nm for the thinnest c-plane QW to 636 nm for the thickest QW).
However, comparing the shape of the high wavelength luminescence band with similar structures published in 
literature we observe smaller FWHM values (65 meV, 106 meV, 67 meV, 52 meV and 79 meV at 636 nm, 580 nm, 
550 nm, 538 nm and 513 nm respectively) than the previously reported 140–130 meV at 542 nm21 and 400 meV at 
650 nm19. The difference becomes even more apparent when we compare our spectrum with the results published 
by Kim et al.22 who observed a broad spectrum from 1.8 eV to 3.2 eV in a white light emitting core-shell nanorod. 
Based on this difference and the fact that the growth conditions were not optimised for c-plane growth we assume 
a broad underlying emission spectrum from the c-plane QWs which is modulated by optical cavity modes.
To determine which mode is causing the additional satellite peaks the energy spacing between different optical 
modes in the horizontal plane is calculated using ΔE = hc/nL with L the optical path length and n the refractive 
index. Assuming a constant refractive index of 2.61523 and a hexagonal side length l with a value of 350 nm, the 
path length L, of the different optical modes can be determined in order to identify which of the modes results in 
the energy separation closest to the one experimentally observed.
Four different optical modes, which are a subset of the possible in-plane modes, have been investigated: 
Fabry-Perot modes (Fig. 4a), where the light strikes the sidewalls of the nanorod twice per cycle; WGM (Fig. 4b) 
where the light propagates around the periphery of the nanorod in a hexagonal pattern, being reflected six times; 
triangular quasi-WGMs (Fig. 4c) where the light is reflected three times and quasi-WGMs (Fig. 4d) where the 
light is reflected six times in a round trip. The estimated energy separations of the investigated modes are 350 meV, 
260 meV, 306 meV and 150 meV for a, b, c and d respectively. The best agreement between the experimental 
energy separations and the calculated ones is found for the quasi-WGMs shown in Fig. 4d.
Using the following formula obtained from a plane wave model it is possible to calculate the peak emission 
wavelengths for the different quasi-WGMs15,24:
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The left side of the equation is the physical path for the quasi-WGM, N is the mode number, n is the refractive 
index, which depends on the wavelength and was obtained using the values published by Adachi23. The last term 
corrects for the phase shift occurring at total internal reflection, where β is 1/n for the TM modes and n for TE 
modes7. The calculated values in the spectral range of the observed peaks are plotted in Fig. 5 as black lines.
The best agreement of the mode position with experimentally observed peak positions was found for a side 
length of 350 nm (see Fig. 5). From the calculated mode positions it can be seen that the agreement between the 
mode position and the experimentally observed peaks gets worse the longer the wavelength and the lower the 
mode number is. This is most likely due to limitations of the plane wave model or a deviation in the actual refrac-
tive index n from the indexes given in ref.23.
Due to this limitation of the plane wave model we have employed 3D FDTD modelling25 to investigate the 
mode structure (using the same values for the refractive index n). For this a dipole source emitting from 400 nm 
to 700 nm was placed into the pyramidal top of the nanorod (see Additional Information). The resulting spectrum 
measured by a time monitor above the nanorod is in good agreement with the plane wave model showing only 
small deviation from the calculated mode positions (see comparison in Fig. 5). Further investigation shows that 
the agreement between the FDTD and the plane wave model seems to depend on the nanorod length, a parameter 
that is not taken into account in the plane wave model (see Additional Information).
The good agreement between the FDTD and the plane wave model indicates that the reduction in the agree-
ment between theory and experiment is not caused by the limitations of the plane wave model, instead we suspect 
Figure 4. Optical modes in the horizontal plane of a hexagonal nanorod, Fabry-Perot modes (a), WGM  
(b), triangular quasi-WGMs (c), quasi-WGMs (d) with their corresponding optical path lengths L, with l the 
hexagonal side length.
www.nature.com/scientificreports/
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a deviation of the actual refractive index of the nanorod from the refractive indexes given in ref.23 due to surface 
charges or other effects26.
Analysing the mode positions of the plane wave model it can be seen that for short wavelength emission TM 
polarized modes provide the best fit to the spectra; this changes for longer wavelength emission, where TE modes 
show the best agreement between the experimental data and the calculated mode positions. The good agreement 
with the TM polarized modes for the short wavelength emission indicates that the light in the quasi-WGMs is 
preferentially TM polarized. The influence of TE polarized modes on these wavelength is considerably weaker, 
observable in small shoulders of the three main peaks. Similar observations have been made for hexagonal and 
triangular ZnO and GaN cavities which have been attributed to lower losses in the TM polarized modes5,7,27,28. It 
is not clear what causes the switch of the dominant mode polarization to TE modes for longer wavelength emis-
sion, and further study of similar systems by polarization dependent CL is needed to shed light on this behaviour. 
A possible explanation could be the different origin of the luminescence bands coupling into the modes, although 
Tessarek et al.29,30 and Gong et al.9 observed both dominant TM and TE mode polarization while exciting on the 
m-plane facet of GaN nanorods and InGaN/GaN coreshell nanowires respectively.
The main remaining question is how the light generated in the pyramidal top is modulated by the structure of 
the nanorod base. We attribute this to light coupling from the pyramidal top to the nanorod base which is demon-
strated using 3D FDTD modelling25. For this a dipole source emitting from 380 nm to 480 nm was placed in the 
pyramidal and apex sections of the nanorod, representing the emission from the semipolar MQW region and the 
c-plane QW region respectively. The results in Fig. 6 show frequency domain snapshots of the total electric field 
intensity in a number of planes within the nanorod of three specific modes at 428 nm, 433 nm and 554 nm. From 
the FDTD simulation it can be seen that light emitted at either active region, couples into the base of the nanorod 
(labeled “prism” in Fig. 1).
In summary, the luminescence properties of a single InxGa1−xN/GaN nanorod have been investigated by a 
combination of SE and CL hyperspectral imaging with STEM measurements and FDTD simulations. It was found 
that the growth resulted in the deposition of semipolar as well as polar QWs. The polar QWs are attributed to the 
presence of a c-plane facet prior to deposition of the active region, the size of which could be controlled in the 
GaN regrowth step31. FDTD simulation as well as plane wave modelling show that the QW emission is strongly 
influenced by optical modes propagating through the nanorod. The findings presented here show that nanorod 
LED structures offer an array of advantages over planar LED structures. The presence of optical modes, which 
can easily be engineered by changing the diameter and height of the nanorod (see Additional Information Figs. 1 
and 2), as well as two QW regions emitting from the blue to the red spectral region, potentially allows the design 
of true white LEDs without the need of light conversion using phosphors.
Methods
Obtaining optical information from wide band gap semiconductors on a nanometer scale is a challenging task. 
Photoluminescence (PL) is often used to investigate the optical properties of III-nitride semiconductors, but the 
spatial resolution of conventional PL is too low to investigate submicron features making it impractical for use in 
investigating nanostructures such as nanorods. The combination of CL and secondary electron (SE) imaging in 
a scanning electron microscope (SEM) enables information to be obtained on the surface morphology and the 
optical properties at the same time, allowing the two properties to be correlated on a nanometer scale12,32.
In this work we investigated a single InGaN/GaN MQW nanorod structure from an ultradense nanorod array, 
grown by metal organic vapor phase epitaxy (MOVPE). The sample consists of a GaN nanorod template, which 
was fabricated by a top-down approach, on top of which 300 nm nominally undoped GaN and a five period 
InGaN/GaN active region were grown. Further details on the growth of the template can be found elsewhere10. 
The active zone was grown with nominally 16% InN at 720 °C and a thickness of 2 nm. The quantum barriers con-
sist of nominally 5 nm GaN grown at a temperature of 850 °C. The growth ultimately resulted in apex-tipped hex-
agonal nanorods with a hexagonal side length of 350 nm and a height of 1.5 μm as determined by SE imaging10.
Figure 5. Mode positions for a nanorod with a side length of 350 nm. Results from plane wave modelling 
are shown as black lines, TM modes are full lines, while TE modes are dotted lines. The results of the FDTD 
modelling are shown as red lines. The emission from the pyramid (shown in red) and from the apex of the 
nanorod (shown in black) are shown for better comparison.
www.nature.com/scientificreports/
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CL hyperspectral imaging33–35 was conducted in an environmental SEM with a 125 mm focal length spec-
trograph, a 600 line/mm grating and cooled charge-coupled device. The samples were tilted by 45° with respect 
to the incident electron beam and the generated light was collected by a reflecting objective with its optical axis 
perpendicular to the electron beam as described by Edwards et al.36. CL measurements were conducted, at room 
temperature, with an acceleration voltage of 5 kV; this results in 90% of the beam energy being deposited within a 
depth of 70 nm, estimated by Monte Carlo simulations using CASINO37.
Data availability. The data associated with this research is available at DOI:10.15129/a24bd3fd-0493- 
4cd2-84ed-551abff86060
References
 1. Zubia, D. & Hersee, S. D. Nanoheteroepitaxy: The application of nanostructuring and substrate compliance to the heteroepitaxy of 
mismatched semiconductor materials. J. Appl. Phys. 85, 6492–6496 (1999).
 2. Sugahara, T. et al. Direct evidence that dislocations are non-radiative recombination centers in GaN. Jpn J. Appl. Phys. 37, L398 (1998).
 3. Kusch, G. et al. Spatial clustering of defect luminescence centers in Si-doped low resistivity Al0.82Ga0.18N. Appl. Phys. Lett. 107 (2015).
 4. Schwarz, U. & Kneissl, M. Nitride emitters go nonpolar. Physica status solidi (RRL)-Rapid Res. Lett. 1, A44–A46 (2007).
 5. Zhang, X. et al. Whispering gallery modes in single triangular ZnO nanorods. Opt. Lett. 34, 2533–2535 (2009).
Figure 6. Mode E-field (magnitude) distributions for the experimentally observed resonances at around 
428 nm, 433 nm and 554 nm. The source position for the first two resonances was the pyramid of the nanorod, 
while the source was located at the apex of the nanorod for the 554 nm resonance. The x-y plane snapshots are 
taken at z = 0.92 μm, and the x–z field snapshots are taken at y = 0 μm.
www.nature.com/scientificreports/
7SCiEntifiC REPORTS |  (2018) 8:1742  | DOI:10.1038/s41598-018-20142-5
 6. Hauschild, R. & Kalt, H. Guided modes in ZnO nanorods. Appl. Phys. Lett. 89 (2006).
 7. Tessarek, C., Dieker, C., Spiecker, E. & Christiansen, S. Growth of GaN nanorods and wires and spectral tuning of whispering gallery 
modes in tapered GaN wires. Jpn J. Appl. Phys. 52, 08JE09 (2013).
 8. Kölper, C. et al. Core-shell InGaN nanorod light emitting diodes: Electronic and optical device properties. Physica status solidi (a) 
209, 2304–2312 (2012).
 9. Gong, S. H., Ko, S. M., Jang, M. H. & Cho, Y. H. Giant Rabi splitting of whispering gallery polaritons in GaN/InGaN core-shell wire. 
Nano Lett. 15, 4517–4524 (2015).
 10. Conroy, M. et al. Site controlled red-yellow-green light emitting InGaN quantum disks on nano-tipped gan rods. Nanoscale 8, 
11019–11026 (2016).
 11. Bruckbauer, J., Edwards, P. R., Bai, J., Wang, T. & Martin, R. W. Probing light emission from quantum wells within a single nanorod. 
Nanotechnol. 24, 365704 (2013).
 12. LeBoulbar, E. D. et al. Structural and optical emission uniformity of m-plane InGaN single quantum wells in core-shell nanorods. 
Cryst. Growth Des. 16, 1907–1916 (2016).
 13. Gîrgel, I. et al. Investigation of indium gallium nitride facet-dependent nonpolar growth rates and composition for core-shell light-
emitting diodes. J. Nanophotonics 10, 016010 (2016).
 14. Eddy, C. R. Jr. & Molnar, B. Plasma etch-induced conduction changes in gallium nitride. J. Electron. Mater. 28, 314–318 (1999).
 15. Zhang, L. et al. Electron cyclotron resonance etching characteristics of GaN in SiCl4/Ar. Appl. Phys. Lett. 68, 367–369 (1996).
 16. Lee, H., Oberman, D. B. & Harris, J. S. Jr. Reactive ion etching of GaN using CHF3/Ar and C2ClF5/Ar plasmas. Appl. Phys. Lett. 67, 
1754–1756 (1995).
 17. Li, Q. et al. Optical performance of top-down fabricated InGaN/GaN nanorod light emitting diode arrays. Opt. Express 19, 
25528–25534 (2011).
 18. Griffiths, J. T. et al. Structural impact on the nanoscale optical properties of ingan core-shell nanorods. Appl. Phys. Lett. 110, 172105 (2017).
 19. Ko, Y. H. et al. Red emission of InGaN/GaN double heterostructures on GaN nanopyramid structures. ACS Photonics 2, 515–520 (2015).
 20. Liao, C. H. et al. Dependencies of the emission behavior and quantum well structure of a regularly-patterned, InGaN/GaN quantum-
well nanorod array on growth condition. Opt. Express 22, 17303–17319 (2014).
 21. Jiang, Y. et al. Realization of high-luminous-efficiency InGaN light-emitting diodes in the “green gap” range. Sci. Reports 5, 10883 (2015).
 22. Kim, J. H. et al. Toward highly radiative white light emitting nanostructures: a new approach to dislocation-eliminated GaN/InGaN 
core-shell nanostructures with a negligible polarization field. Nanoscale 6, 14213–14220 (2014).
 23. Adachi, S. Optical Constants of Crystalline and Amorphous Semiconductors: Numerical Data and Graphical Information (Kluwer 
Academic, 1999).
 24. Wiersig, J. Hexagonal dielectric resonators and microcrystal lasers. Phys. Rev. A 67, 023807 (2003).
 25. Lumerical Solutions. www.lumerical.com/tcad-products/fdtd/ (2015).
 26. Tessarek, C., Goldhahn, R., Sarau, G., Heilmann, M. & Christiansen, S. Carrier-induced refractive index change observed by a 
whispering gallery mode shift in GaN microrods. New J. Phys. 17, 083047 (2015).
 27. Nobis, T., Kaidashev, E. M., Rahm, A., Lorenz, M. & Grundmann, M. Whispering gallery modes in nanosized dielectric resonators 
with hexagonal cross section. Phys. Rev. Lett. 93, 103903 (2004).
 28. Sun, L. et al. Polarized photoluminescence study of whispering gallery mode polaritons in ZnO microcavity. Physica status solidi (c) 
6, 133–136 (2009).
 29. Tessarek, C. et al. Improving the optical properties of self-catalyzed GaN microrods toward whispering gallery mode lasing. ACS 
Photonics 1, 990–997 (2014).
 30. Tessarek, C., Sarau, G., Kiometzis, M. & Christiansen, S. High quality factor whispering gallery modes from self-assembled 
hexagonal GaN rods grown by metal-organic vapor phase epitaxy. Opt. Express 21, 2733–2740 (2013).
 31. Conroy, M. et al. Ultra-high-density arrays of defect-free aln nanorods: A “space-filling” approach. ACS Nano 10, 1988–1994 (2016).
 32. Martin, R. W. et al. Cathodoluminescence spectral mapping of III-nitride structures. Physica status solidi (a) 201, 665–672 (2004).
 33. Christen, J., Grundmann, M. & Bimberg, D. Scanning cathodoluminescence microscopy: A unique approach to atomic-scale 
characterization of heterointerfaces and imaging of semiconductor inhomogeneities. J. Vac. Sci. & Technol. B 9, 2358–2368 (1991).
 34. Edwards, P. R., Martin, R. W., O’Donnell, K. P. & Watson, I. M. Simultaneous composition mapping and hyperspectral 
cathodolumine-scence imaging of InGaN epilayers. Physica status solidi (c) 0, 2474–2477 (2003).
 35. Edwards, P. R. & Martin, R. W. Cathodoluminescence nano-characterization of semiconductors. Semicond. Sci. Technol. 26, 064005 (2011).
 36. Edwards, P. R. et al. High-resolution cathodoluminescence hyperspectral imaging of nitride nanostructures. Microsc. Microanal. 18, 
1212–1219 (2012).
 37. Drouin, D. et al. Casino v2.42: a fast and easy-to-use modeling tool for scanning electron microscopy and microanalysis users. 
Scanning 29, 92–101 (2007).
Acknowledgements
We acknowledge funding from the Engineering and Physical Sciences Research Council (EPSRC) (EP/
M003132/1) of the UK. The data associated with this research is available at DOI:[to be added in proofs]. This 
research was enabled by the Irish Higher Education Authority Programme for Research in Third Level Institutions 
Cycles 4 and 5 via the INSPIRE and TYFFANI projects, and by Science Foundation Ireland (SFI) under Grant no. 
SFI/10/IN.1/I2993. PJP acknowledges funding from SFI Engineering Professorship scheme (07/EN/E001A) and 
MC acknowledges PhD research scholarship from INSPIRE.
Author Contributions
G.K. (Strathclyde) prepared the manuscript, measured and analysed the CL data. P.R.E. designed the CL system. 
M.C. and H.L. (Tyndall) performed the growth and etching of the samples. C.Z. (KAUST) provided the STEM 
image. J.P. (Bristol) provided the FDTD simulations. B.S.O., M.J.C., P.J.P. and R.W.M. developed and supervised 
the respective parts of the projects. All authors contributed to the development of the project.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20142-5.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
www.nature.com/scientificreports/
8SCiEntifiC REPORTS |  (2018) 8:1742  | DOI:10.1038/s41598-018-20142-5
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
